Recent studies suggest that NGAL (neutrophil gelatinase-associated lipocalin) is a novel iron transporter with functions distinct from that of transferrin and mediates a new iron-delivery pathway. To get a better understanding of NGAL function in oesophageal carcinoma, we analysed the expression of NGAL receptors in oesophageal carcinoma cells and identified a novel spliced variant designated NgalR-3. When expressed in a heterologous system, the protein produced from this novel spliced variant exhibits the biochemical characteristics of interaction and co-localization with NGAL protein in vivo. This new finding suggests that NgalR-3 may act as a potential NGAL receptor and play a role in NGALmediated iron transport in oesophageal carcinoma.
INTRODUCTION
Lipocalins are a diverse family of proteins with low levels of overall sequence conservation, but share a common tertiary structure with an eight-stranded hydrogen-bonded antiparallel β-barrel surrounding a cup-shaped internal ligand-binding site [1] [2] . This confers on lipocalins the ability to bind a wide variety of small, principally hydrophobic, molecules and specific cell-surface receptors, and form covalent and non-covalent complexes with other soluble macromolecules [3] . NGAL (neutrophil gelatinaseassociated lipocalin), a member of the lipocalin superfamily, was originally found to be a protein stored in specific granules of the human neutrophil [4] . Besides neutrophils, NGAL is expressed in most tissues normally exposed to micro-organisms, and induced in epithelial cells during inflammation [5, 6] . Previous studies have demonstrated that NGAL is involved in diverse cellular processes. NGAL is capable of protecting MMP-9 (matrix metalloproteinase 9) from degradation by interacting with this protein [7, 8] . It has been reported that NGAL can bind bacterial catecholate-type ferric siderophores and act as a potent bacteriostatic agent by sequestering iron. NGAL may be involved in the innate immune system and acute-phase response to infection [9, 10] . It has also been reported that NGAL can protect against acute ischaemic renal injury and has been implicated in apoptosis as a survival factor [11, 12] . Also, NGAL may be important in delivering iron to cells during the formation of the tubular epithelial cells of the primordial kidney [13, 14] .
Elevated NGAL expression has been observed in several types of cancer, such as carcinomas of the colon, ovaries, pancreas and breast [15] [16] [17] [18] [19] . Our previous studies have demonstrated that NGAL overexpression plays an important role in the progress of malignant transformation of human immortalized oesophageal epithelial cells and is involved in the invasion of oesophageal carcinoma cells [20] [21] [22] . Recently, our research has shown that NGAL is involved in the transformation and development of oesophageal carcinoma [23] . We also found that the expression of NGAL in the oesophageal carcinoma cells can be induced following stimulation by PMA [24] .
Recently, Hvidberg et al. [25] found that megalin, a member of the low-density lipoprotein receptor family expressed in polarized epithelia, bound NGAL with high affinity. Devireddy et al. [26] also isolated a specific cell-surface receptor of 24p3 (a highly conserved murine homologue of NGAL), 24p3R, from murine FL5.12 cells and demonstrated that 24p3R expression conferred on cells the ability to undergo either iron uptake or apoptosis. Sequence analysis revealed the presence of a highly conserved 24p3R human homologue (GenBank ® accession number NM 016609) designated NgalR-2 (NGAL receptor 2), which is a member of the organic cation transporter family. It also contains another spliced variant designated NgalR-1. According to previous studies, we proposed that NgalRs might be present in oesophageal carcinoma and play a role in NGAL-mediated iron transport in oesophageal carcinoma cells.
In the present study, we found a shorter NgalR cDNA, NgalR-3, generated by alternative splicing in oesophageal carcinoma cells. This spliced isoform contains an internal deletion of 125 nucleotides and could produce a 207-amino-acid protein containing four putative membrane-spanning domains. Interestingly, NgalR-3 exhibits the expected functionality of co-localization and interaction with NGAL protein in vivo.
MATERIALS AND METHODS

Tissue samples and cell lines
Human oesophageal carcinoma tissues and adjacent normal oesophageal mucosa tissues were collected from patients undergoing surgery in the First Affiliated Hospital of Shantou University from 2003 to 2005 and were frozen immediately at − 70
• C. The study was approved by the Ethical Committee of the First Affiliated Abbreviations used: 24p3R, 24p3 receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HA, haemagglutinin; NGAL, neutrophil gelatinaseassociated lipocalin; NgalR, NGAL receptor; RT, reverse transcription; TBS, Tris-buffered saline. 1 Correspondence may be addressed to either of these authors (email liyanxu1130@sohu.com or nmli@stu.edu.cn).
The nucleotide sequence data reported for NgalR-3 cDNA will appear in the DDBJ, EMBL, GenBank ® and GSDB Nucleotide Sequence Databases under accession number DQ658848. • C, and a last cycle of elongation at 72
• C for 5 min. PCR products were purified and ligated into the pGEM-T vector (Promega). The insert fragment was verified by complete sequencing.
To construct the Myc-tagged form of NgalRs, two alternatively spliced variants of NgalR products were obtained, NgalR-2 and NgalR-3, digested with EcoRI and XhoI and subcloned into the pCMV-Myc mammalian expression vector (BD Biosciences) that expresses proteins containing the N-terminal c-Myc epitope tag to finally obtain Myc-NgalR-2 and Myc-NgalR-3.
RT-PCR analyses
Total RNA was extracted from frozen stored tissues and cells with TRIzol ® reagent. RT was performed in a total volume of 20 µl using 1 µg of total RNA, oligo-dT primer, random primers and AMV (avian myeloblastosis virus) reverse transcriptase (Promega). PCR was then performed for 35 cycles with 1 µl of cDNA as a template. To avoid amplification of contaminating genomic DNA, amplified fragments of each gene were intron-spanning. The primers used for novel NgalR-3 variant identification were primer 3, 5 -TGTGCTCACCACCAACGC-3 , as forward, and primer 4, 5 -CCTCAATCTGCCGCTTCACT-3 , as reverse. Additional primers were as follows: forward primer 5 -GTGGATCCTTCCTCGGCCCTGAAATCATG-3 and reverse primer 5 -GGGAATTCTCAGCCGTCGATACACTGGTC-3 for NGAL cDNA; and forward primer 5 -CCCCTACTGCCTATA-TCGAC-3 and reverse primer 5 -AATGATACGGGTGCTC-TGAG-3 for GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
Cell culture and transfection
COS-7 cells were cultured in 199 medium (Gibco) supplemented with 10 % (v/v) heat-inactivated bovine serum. pCMV-Myc plasmid vector DNA containing NgalR-2 or NgalR-3 cDNA was purified using the Qiagen Plasmid Midi kits. At 1 day before transfection, 1.5 × 10 6 COS-7 cells were seeded on to 10-cm-diameter tissue-culture dishes. The cells were transfected with 10 µg of total plasmid DNA per dish using SuperFect transfection reagent (Qiagen). Cells were cultured for 24 h after transfection and were used for subsequent studies.
Western blot analysis
Total cell lysates were prepared in a lysis buffer (150 mM NaCl, 0.1 % Nonidet P40 and 50 mM Tris/HCl, pH 7.5) supplemented with 1 mM PMSF and Complete TM protease inhibitor cocktail tablets (Santa Cruz Biotechnology). Lysates were cleared by centrifugation at 10 000 g for 10 min at 4
• C, separated by SDS/ PAGE (12 % gels) and transferred on to a PVDF membrane (Millipore). The membrane was incubated in 10 ml of blocking buffer [TBS (Tris-buffered saline), containing 0.1 % (v/v) Tween 20 and 5 % (w/v) non-fat dried milk powder] for 1 h at room temperature (25
• C) followed by the addition of the anti-Myc antibody (BD Biosciences) for 2 h at room temperature. Then, the membrane was rinsed three times with TBS/Tween 20 and incubated with horseradish-peroxidase-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology) for 2 h at room temperature. Immunoreactive bands were revealed by Western blotting with luminol reagent (Santa Cruz Biotechnology) and photographed by FluorChem 8900 (Alpha Innotech).
Immunofluorescence cell staining analysis
Cells seeded on coverslips were co-transfected with either Myctagged NgalR-2 or Myc-tagged NgalR-3 with HA (haemagglutinin)-tagged NGAL respectively, and HA-tagged and Myctagged empty vectors as control. Cells were incubated for 24 h. After being washed with PBS, cells were fixed with 4 % (w/v) formaldehyde for 15 min and then treated with 0.1 % (v/v) Triton X-100 in PBS for 15 min. Cells were subsequently blocked with Image-iT FX signal enhancer (Invitrogen) for 30 min at room temperature and incubated with an anti-HA antibody or an antiMyc antibody overnight at 4
• C. The cells were washed and incubated with an Alexa Fluor ® 594-conjugated donkey antirabbit IgG (Molecular Probes) or fluorescein-conjugated goat anti-mouse IgG (Zymed) as a secondary antibody for 90 min at 37
• C. The cells were washed and mounted in ProLong Gold antifade reagent (Invitrogen) and examined with a Nikon Eclipse TE200-E fluorescence microscope.
Co-immunoprecipitation
For co-immunoprecipitation studies, COS-7 cells were cotransfected with either HA-tagged NGAL or HA-tagged empty control vector with Myc-tagged NgalR-3/2 respectively, and grown for 24 h in 10-cm-diameter tissue culture dishes. Cells were harvested by lysis as described above. The resulting supernatants were incubated on a rocker with 50 µl of anti-HA affinity matrix (Roche) overnight at 4
• C. Immunoprecipitates were collected by centrifugation at 1000 g for 1 min at 4
• C, washed three times in lysis buffer, suspended in SDS sample buffer [20 mM Tris, pH 7.5, 2 mM EDTA, 5 % (w/v) SDS, 0.02 % (w/v) Bromophenol Blue, 20 % (v/v) glycerol and 200 mM dithiothreitol] and boiled for 5 min. Proteins were subjected to SDS/PAGE (12 % gels) and immunoblotting with anti-Myc antibody.
RESULTS cDNA cloning of human NgalR variants
During the cloning of NgalR isoforms from EC18 cells by RT-PCR, we isolated two cDNA clones: the expected molecular mass NgalR-2 fragment and a shorter fragment. Since PCR was carried out by using specific primers complementary to sequences upstream to the 5 translation start site and 3 -untranslated region of NgalR-2/1 cDNA (NgalR-2 cDNA presents sequences at the 5 and 3 termini identical with those of NgalR-1, but contains an internal deletion of 54 nucleotides at exon 7), we thought that a process of alternative splicing could account for the generation of this shorter fragment. Sequence analysis demonstrated that the large inserted cDNA fragment, of 1563 bp, was identical with the published NgalR-2 cDNA sequence (results not shown); however, the shorter cDNA fragment, of 1438 bp, designated NgalR-3 (GenBank ® accession number DQ658848) was distinct from NgalR-2. Figure 1(A) shows a diagram of the NgalR-2 gene showing a possible mechanism for alternative splicing giving rise to NgalR-3. The NgalR-3 cDNA presents sequences at 5 and 3 termini identical with those of NgalR-2 cDNA. However, it contains an internal deletion of 125 nucleotides at exon 4 that produces a frameshift at amino acid 176 and encodes a predicted 207-amino-acid protein with a unique 32-amino-acid (residues 176-207) C-terminus. The alternative splicing at the junctions conforms to the GT-AG rule. This structure strongly suggests that the NgalR-3 cDNA molecule represents a new spliced variant. Figure 1(B) shows the deduced amino acid sequence of NgalR-3 and its alignment with NgalR-2. NgalR-3 showed an amino acid identity of 100 % in the N-terminal 175 amino acids compared with NgalR-2. Based on a Kyte-Doolittle hydropathy analysis [27] and a PSORT II program developed by Horton and Nakai [28] , the NgalR-3 polypeptide is predicted to be localized mainly at the membrane and encompass an extracellular N-terminus with two N-linked carbohydrate chains, four putative membranespanning domains, one amidation site and two potential CK2 phosphorylation sites ( Figure 1C ).
Expression of NgalR variant mRNAs in cell lines and normal tissues
The relative expression of the NgalR-2/1 and NgalR-3 variants was analysed by RT-semi-quantitative PCR in different oesophageal carcinoma cell lines and several human normal tissues using primers flanking the spliced regions (primers 3 and 4). As observed in Figure 2(A) , two different PCR fragments were obtained, including the longer fragment (512 bp) corresponding to the NgalR-2/1 variant and a shorter fragment (387 bp) corresponding to the NgalR-3 variant. Results demonstrated that there are some differences in the expression level of these isoforms depending on the cell line. In EC18 and EC8712 cells, the major NgalR form is NgalR-2/1. In EC171 cells, NgalR-3 and NgalR-2/1 isoforms are present at similar levels. No fragment was observed in EC109 cells. RT-PCR analysis from several human normal tissues revealed that both NgalR variants were widely expressed ( Figure 2B ).
NgalR isoform mRNA levels in oesophageal carcinoma and adjacent normal mucosa tissues
We performed an RT-semi-quantitative PCR amplification to identify the expression level of NgalRs and NGAL by using the frozen stored oesophageal carcinoma and the adjacent normal epithelial tissues. The intensity ratio of NgalRs to GAPDH was scored. Each specimen was evaluated by the ratio of the NgalR mRNA level in the tumour to that in the adjacent normal epithelial tissues (T/N ratio). As observed in Figure 3 , the prevalence of the various NgalR isoforms and NGAL were found in oesophageal carcinoma and the adjacent normal tissues. Moreover, NgalR-3 expression was up-regulated in 70 % of cases (14/20) of oesophageal carcinoma in comparison with the adjacent normal epithelium (T/N ratio > 1.0), whereas in only 55 % of specimens was NgalR-2/1 expression up-regulated.
NgalR-3 and NGAL interact in vivo and co-localize mainly at the cell membrane in COS-7 cells
To evaluate the potential translated products of alternatively spliced NgalR-2 and NgalR-3 mRNA, we first transfected Myctagged NgalR-2 and Myc-tagged NgalR-3 respectively into COS-7 cells. The proteins were subjected to Western blotting (Figure 4 ). Both Myc-tagged NgalR-2 (approx. 55 kDa) and Myc-tagged NgalR-3 proteins (approx. 24 kDa) were detected by Western blot analysis using anti-Myc antibody, whereas no band was seen in the control tests. This result indicates that alternatively spliced variants of NgalR-2 and NgalR-3 can be translated into proteins and that the two expression protein bands have the predicted molecular mass.
Subsequently, we performed experiments to see whether we could detect any evidence of co-localization of NgalRs and NGAL. We examined the subcellular localization patterns of NgalR-2 and NgalR-3 with NGAL respectively in COS-7 cells. The subcellular patterns of distribution of co-expressed Myctagged forms of NgalR-2 or Myc-tagged forms of NgalR-3 with HA-tagged NGAL are shown in Figure 5 . Staining with an anti-HA or an anti-Myc antibody revealed a mainly cell membrane localization and a partial cytoplasm localization for the NgalR-3 and NGAL protein, and a nearly complete co-localization of the two proteins was observed after summation of the two staining patterns (see Supplementary Figure 1 at http://www.BiochemJ. org/bj/403/bj4030297add.htm). Identical subcellular localization was also observed between the NgalR-2 and NGAL protein by immunofluorescence experiments.
In view of our evidence demonstrating co-localization between NgalR-3 protein and NGAL in mammalian cells, we performed co-immunoprecipitation assays to determine whether a physical interaction between NGAL and NgalR-3 could occur in mammalian cells. Full-length NgalR-3 cDNA was co-expressed with either HA-tagged NGAL or HA-tagged empty vector in COS-7 cells. Cell lysates were subjected to immunoprecipitation with anti-HA affinity matrix followed by immunoblotting with antiMyc antibody. As shown in Figure 6 (A), a clear band was seen in cells where Myc-NgalR-3 was co-transfected with HA-NGAL, but not in cells where the empty vector was co-transfected with Myc-NgalR-3. The starting cell lysates contained equivalent amounts of Myc-NgalR-3 protein. However, we could not detect an in vivo interaction between NGAL and NgalR-2 protein ( Figure 6B ).
DISCUSSION
NGAL was originally purified from human neutrophils [4] . Upregulation of NGAL expression was observed in several types of cancer [15] [16] [17] [18] . According to previous studies by our group, NGAL is involved in the transformation and development of oesophageal carcinoma [23] . However, a clear explanation for the overexpression of NGAL as a result of malignancy has been lacking.
In the present study, we have demonstrated that NgalR-2, a receptor isoform of NGAL, was expressed in oesophageal carcinoma EC18 cells, which also expressed NGAL, according to our previous study [21] . However, this was not the only NgalR isoform found in oesophageal carcinoma cells, as we have also identified a new NgalR isoform designated NgalR-3 that results from alternative splicing. This new isoform encodes a predicted 207-amino-acid protein which presents amino acid sequences in the N-terminal 175 amino acids identical with those of NgalR-2 and contains a unique 32-amino-acid (residues 176-207) Cterminus. To identify the NgalR-3 isoform, we performed an RT-PCR analysis. Our results indicate that this new variant was widely expressed in human normal tissues and oesophageal carcinoma cell lines, and the relative expressed level of NgalR isoforms depended on the origin of the tissues and cells. Interestingly, it is noteworthy that NgalR-3 expression was up-regulated in 70 % of cases of oesophageal carcinoma in comparison with the adjacent normal epithelium, whereas in only 55 % of specimens was NgalR-2/1 expression up-regulated. This result could imply that this new NgalR-3 variant might play a more important role in oesophageal carcinoma.
Structure prediction analysis indicates that the deduced protein from this new spliced variant includes four putative membranespanning domains and features an extracellular N-terminal domain containing two potential N-linked glycosylation sites that is important for proper protein folding in the secretory pathway. The result indicates that this novel spliced variant might localize to the membrane similar to other NgalR isoforms and was expected to retain its bioactivity. In agreement with this prediction, as expressed in a heterologous system (COS-7 cells), this novel isoform conferred the expected functionality of co-localization with NGAL protein mainly at the cell membrane. We also found cytoplasmic localization for the isoform. Combined with results from a previous study that 24p3 enters the cell through an endosome recycling pathway and the 24p3R could come back to the cytomembrane circularly following endocytosis [26] , we suppose that NGAL, a highly conserved human homologue of 24p3, might have a similar endocytosed pathway to that of 24p3. NGAL-NgalR complexes might be formed in the cytoplasm following internalization of NGAL through NgalR-3. Further research has demonstrated that a physical interaction between NGAL and NgalR-3 could occur in mammalian cells. All of these results suggest that NgalR-3 acts as a potential NgalR in oesophageal epithelial cells. We also found a similar co-localization between NGAL and the NgalR-2 protein. However, we could not detect an in vivo interaction between them. Structure prediction indicates that the NgalR-2 protein includes 11 membrane-spanning domains. The large hydrophobicity may make the NgalR-2 protein unable to interact with NGAL when the protein is ectopically expressed in the cytoplasm. Furthermore, many membrane proteins exert their biological function depending on their localization on the cell membrane. More experiments must be carried out to investigate the actual interaction on the cytomembrane between NGAL and NgalRs.
Alternative splicing is widespread in mammalian gene expression and is a biologically important mechanism for generating related molecules with a novel or complementary function. NgalR is a member of the organic cation transporter family. Molecular identification in the last decade of several genes encoding organic cation transporters has shown that most of them give rise to alternatively spliced isoforms, resulting in a variety of physiological consequences. Recent studies suggest that NGAL is a novel iron transporter with functions distinct from those of transferrin and mediates a new iron-delivery pathway [29, 30] . Yang et al. [13] and Gwira et al. [14] have found that NGAL can bind iron specifically through the catecholate-type ferric siderophores and facilitate intracellular iron delivery by a specific cellular receptor, and thus play a regulatory role in inducing epithelial cell differentiation in kidney development. In the present study, we have identified a novel NgalR spliced variant. According to the study, we suppose that the NgalR-2 isoform would exhibit bioactivity as a bilateral iron-transporter mechanism, whereas the novel NgalR-3 isoform would mediate a unilateral intracellular iron-delivery pathway which adds to the growth potential of the tumour combined with a grave free radical reaction and gene mutation, thus promoting malignancy in oesophageal carcinoma. However, how NgalR acts in NGALmediated iron-delivery pathways in oesophageal carcinoma is as yet unknown, and will require extensive study to determine. In summary, we have isolated a cDNA clone in oesophageal carcinoma cells that is a novel spliced variant of the NgalR gene and demonstrated that the protein produced from this cDNA exhibits the biochemical characteristics of interaction and colocalization in vivo with NGAL protein. This new finding suggests that NgalR-3 may act as a potential NgalR receptor and play a role in NGAL-mediated iron transport in oesophageal carcinoma. The isolation of this novel spliced variant will enable further studies of NgalR structure and function, as well as permitting studies of the factors that control alternative splicing of the gene in different cell types.
